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NF-kB Activation by the Pre-T Cell Receptor
Serves as a Selective Survival Signal
in T Lymphocyte Development
stable antigen (HSA or CD24) can be separated through
their expression of CD44 and the IL-2 receptor a chain
(CD25) into four consecutive developmental stages: DN
CD441CD252 (stage I), DN CD441CD251 (stage II), DN
CD442CD251 (stage III), and DN CD442CD252 (stage
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IV) (Figure 1A) (Godfrey et al., 1993; Hoffman et al., 1996).2 Department of Molecular Biophysics
TCR b chain rearrangement takes place in the stage IIIand Biochemistry
thymocytes, and, in cells that express a functional TCR3 Department of Molecular, Cellular,
b chain, the b chain associates with the pre-Ta chainand Developmental Biology
to assemble a pre-TCR complex (Figure 1A).4 Howard Hughes Medical Institute
Pre-TCR expression occurs during the transition ofYale University School of Medicine
stage III to stage IV cells (Hoffman et al., 1996). TheNew Haven, Connecticut 06520
majority of stage III cells are small in size and either
have not completed b chain rearrangement or have out-
of-frame rearrangements (“E” cells). Approximately 15%Summary
of stage III cells, however, are large in size, are often in
S phase, and show in-frame b chain rearrangementsActivation of the transcription factor NF-kB and pre-T
(“L” cells) (Figure 1A). Therefore, the L fraction repre-cell receptor (pre-TCR) expression is tightly correlated
sents cells that have productively rearranged their bduring thymocyte development. Inhibition of NF-kB in
chain and express the pre-TCR (Hoffman et al., 1996).isolated thymocytes in vitro results in spontaneous
The assembly of the pre-TCR serves as the first check-apoptosis of cells expressing the pre-TCR, whereas
point in T lymphocyte development and is critical forinhibition of NF-kB in transgenic mice through expres-
further proliferation and differentiation (von Boehmersion of a mutated, superrepressor form of IkBa leads
and Fehling, 1997). In mutant mice lacking the recombi-to a loss of b-selected thymocytes. In contrast, the
nase proteins RAG1 or RAG2 or in TCR b- or pre-Ta-forced activation of NF-kB through expression of a
deficient mice, none of which can form a pre-TCR, a/bdominant-active IkB kinase allows differentiation to
T cell development is significantly arrested at the stageproceed to the CD41CD81 stage in a Rag12/2 mouse
of stage III thymocytes (Mombaerts et al., 1992a, 1992b;that cannot assemble the pre-TCR. Therefore, signals
Shinkai et al., 1992; Fehling et al., 1995). Therefore, suc-emanating from the pre-TCR are mediated at least
cessful TCR b chain rearrangement is essential for thy-
in part by NF-kB, which provides a selective survival
mocyte precursors to proceed to the next develop-
signal for developing thymocytes with productive b mental stage.
chain rearrangements. The signals originating from the pre-TCR that influ-
ence the differentiation of developing T lymphocytes
Introduction remain to be fully characterized. Recent studies have
shown that the pre-TCR exits the endoplasmic reticulum
Stages of thymocyte differentiation have been charac- and is most likely expressed on the cell surface (O’Shea
terized through the expression of specific cell surface et al., 1997). Nevertheless, the functioning of the recep-
markers. The most immature thymocytes, which lack ex- tor appears to be independent of a specific ligand, since
pression of both coreceptors CD4 and CD8 (CD42CD82 mutant forms of pre-Ta lacking the extracellular domain
double-negative [DN] cells), develop into an interme- are also functional in transgenic mice (Irving et al., 1998).
diate CD41CD81 double-positive (DP) stage before The requirement of CD3 components in the expression
maturing into CD41 or CD81 single-positive (SP) cells and functioning of the pre-TCR suggests that signaling
and exiting the thymus. It is now clear that DN thymo- from it might resemble that from the TCR (von Boehmer
et al., 1998). In support of such a hypothesis, mutantcytes represent a heterogeneous population that can
mice lacking signaling molecules involved in TCR signal-be further fractionated into distinct developmental
ing, such as p56lck, SLP-76, and LAT, all exhibit a blockstages by using the differential expression of additional
in T cell differentiation at the stage of b chain selectioncell surface markers. DN cells that express the heat-
(Anderson et al., 1994; Pivniouk et al., 1998; Zhang et
al., 1999).5 To whom correspondence should be addressed (e-mail: sankar.
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development and host defense (reviewed in Ghosh etGluckstrabe 41, 91054, Erlangen, Germany.
al., 1998). Although constitutively active NF-kB can be10 Present address: Laboratory of Immunogenetics, National Institute
detected in developing T and B lymphocytes, it is un-of Allergy and Infectious Diseases, National Institutes of Health,
Rockville, Maryland 20852. clear whether NF-kB plays an important role in lympho-
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cyte development. Studies of mice lacking various NF- Results
kB/Rel family members, including p50, p52, c-Rel, and
RelB, failed to reveal marked impairment of lymphocyte NF-kB Activation in DN Thymocytes Coincides
with Expression of the Pre-TCR Complexdevelopment (Ghosh et al., 1998). Even adoptively trans-
ferred hematopoietic precursors from a p50/p65 double- Activation of NF-kB in thymocytes has been described
earlier using electromobility shift assays (Ivanov andknockout mouse could develop into mature B and T
cells if wild-type stromal cells were simultaneously Ceredig, 1992; Zuniga-Pflucker et al., 1993; Weih et al.,
1994; Sen et al., 1995). In agreement with these findings,transferred, suggesting an essential role of NF-kB in
stroma rather than in developing lymphocytes them- we could also detect constitutive NF-kB DNA binding
activity in extracts prepared from spleen, bone marrow,selves (Horwitz et al., 1997). Only the p50/p52 double-
knockout mouse shows severe impairment of T and B and thymus (Figure 1B). To determine whether the ob-
served DNA binding activity correlated with NF-kB tran-lymphocyte development; however, adoptively trans-
ferred bone marrow cells lacking p50 and p52 develop scriptional activity, we created transgenic mice bearing
an NF-kB-dependent luciferase reporter gene. Two kBnormally into T cells. Although it is unlikely that these
cells are intrinsically deficient in development (Franzoso sites derived from the k light chain intronic enhancer
were placed upstream of a minimal fos promoter toet al., 1997), the lack of an obvious phenotype may be
due to complementation between different Rel family control the expression of a luciferase reporter gene.
Several founders were tested for tissue-specific lucifer-proteins.
In the present study, we have examined the regulation ase expression and showed a very similar pattern of
expression (data not shown). In most tissues, the pres-of NF-kB in developing thymocytes. We have found that
the highest levels of constitutive NF-kB activity are ob- ence of nuclear DNA binding activity detected by EMSA
correlated with luciferase reporter activity, thus indicat-served in stage III L and stage IV cells, which correspond
to the populations that express the pre-TCR (Hoffman ing that the constitutive NF-kB in thymus is transcrip-
tionally active (Figure 1C). To further explore the regula-et al., 1996). We have also found that stable expression
of components of the pre-TCR in a T cell line that ex- tion of NF-kB in the thymus, we fractionated developing
thymocytes into DN, DP, and CD4 and CD8 SP cells.presses CD3 but not the TCR results in constitutive
activation of NF-kB, suggesting that the pre-TCR most Analysis of the DNA binding activity from nuclear ex-
tracts revealed that the majority of the NF-kB activitylikely directly activates NF-kB. To explore the possible
biological role of NF-kB in developing thymocytes, we was in the DN population (data not shown). To further
characterize the DN subpopulation containing activatedhave generated transgenic mice expressing a dominant-
active form of IkBa, a superinhibitor of NF-kB. Analysis NF-kB, we fractionated DN thymocytes based on the
expression of CD44 and CD25 surface markers (Figureof T cell populations from such mice reveals a selective
reduction in the number of stage IV cells. Vice versa, 1A). Analysis of the different subpopulations showed
that the majority of the NF-kB DNA binding activity wasforced activation of NF-kB in transgenic mice express-
ing a constitutively active form of IkB kinase b (IKKb) in the stage III and IV cells (Figure 1D). As a control, we
tested the binding of the constitutive Oct-1 transcriptionleads to a significant increase in the number of stage
IV cells. More importantly, expression of active IKKb in factor, which did not exhibit the same difference among
the three fractions. We could not isolate sufficient num-transgenic mice bypassed the block in differentiation in
Rag12/2 thymocytes, allowing a significant fraction of bers of stage I or stage II cells to carry out comparable
EMSA analysis, but the extract from CD441 cells (con-cells to differentiate into DP cells. Furthermore, isolated
stage III L and stage IV cells were found to be hypersen- taining both stage I and II cells) was completely devoid
of any NF-kB DNA binding activity (data not shown).sitive to apoptosis upon inhibition of NF-kB in vitro.
Therefore, taken together, our results suggest that pre- Further separation of stage III cells into small prese-
lection E cells and large postselection L cells showedTCR signaling leads to the activation of NF-kB and active
NF-kB provides a selective survival signal for thymo- that most of the NF-kB DNA binding activity was in
the L cell fraction (Figure 1E). Once again, Oct-1 DNAcytes that have undergone productive “b selection.”
Figure 1. NF-kB Activity Peaks in CD442CD251 L Cells and CD81 Thymocytes
(A) Schematic depiction of thymocyte development based on expression of different cell surface markers (Hoffman et al., 1996).
(B) Nuclear NF-kB DNA binding activity in tissues. Nuclear extracts from spleen, bone marrow, brain, liver, kidney, and thymus were analyzed
for NF-kB DNA binding activity by electromobility shift assay (EMSA).
(C) Luciferase assay of tissue extracts from NF-kB luciferase reporter mice. Spleen, bone marrow, brain, liver, kidney, and thymus extracts
of NF-kB luciferase transgenic mice were analyzed for luciferase activity. Light units per 100 mg of tissue extract are shown.
(D) NF-kB nuclear DNA binding activity in thymocyte subsets. Nuclear extracts were prepared from sorted thymocyte subsets of wild-type
mice. NF-kB DNA binding activity of 1.5 mg nuclear extract was analyzed by electromobility shift assay.
(E) Peak of NF-kB DNA binding activity in stage III L cells, which express the pre-T cell receptor. Nuclear extracts of E, L, and CD41/CD81
thymocytes from wild-type mice were analyzed for NF-kB DNA binding capacity by electromobility shift assay.
(F) Supershift analysis of nuclear extracts from L cells reveals predominantly p50-p65 heterodimers. Nuclear extracts from L cells were
incubated with antibodies against p50, p52, p65, RelB, c-Rel, and c-myc before electromobility shift assay.
(G) Peak of luciferase activity in stage III and stage IV cells, coinciding with expression of the pre-T cell receptor (middle panel). After depletion
of CD4- and CD8-positive cells, stage III thymocytes of NF-kB luciferase reporter mice were further separated, according to size, into small
E cells and large “b-selected” L cells (right panel) (see flow chart on the left-hand side of the figure). The TCRab1, CD4, or CD8 SP cells were
sorted as described in Experimental Procedures. Equal numbers of sorted cells were used to determine the luciferase activity. Error bars
represent the standard deviations.
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binding was used as an internal control. The DNA bind- RAG2, TCR b, and pre-Ta-deficient mice and allows the
differentiation of DN stage III cells into DP thymocytesing complexes consisted predominantly of p50/p65 het-
erodimers, as revealed by supershift analysis (Figure (Levelt et al., 1993; Jacobs et al., 1994; Shinkai and
Alt, 1994; Fehling et al., 1995). Most likely, anti-CD3e1F). To determine if the NF-kB DNA binding activity
in the DN thymocytes correlated with transcriptionally treatment provides signals that normally originate from
the pre-TCR complex. Therefore, we investigated whetheractive NF-kB, we sorted thymocytes of NF-kB luciferase
transgenic mice into the different developmental stages anti-CD3e antibodies can induce NF-kB activity in
RAG1-deficient DN stage III thymocytes. RAG1-defi-(Figures 1A and 1G). Initial analysis revealed that the
majority of the luciferase activity was detected in the cient mice were intraperitoneally injected with either
anti-CD3e antibody 145-2C11 in PBS or PBS alone.DN and the CD8 SP thymocytes (Figure 1G). The DN
thymocytes were further fractionated into stage I, stage Stage III thymocytes were sorted 12 hr after injection,
and nuclear extracts were analyzed by electromobilityII, stage III, and stage IV cells. The majority of luciferase
activity in DN thymocytes was detected in the stage III shift assay. As shown in Figure 2C, there was a strong
induction of NF-kB in stage III thymocytes from anti-and stage IV cell populations (Figure 1G, middle panel),
similar to the pattern observed in the DNA binding analy- CD3e-treated mice. This result demonstrates that anti-
CD3e treatment, which overcomes the early develop-sis (Figures 1D and 1E). We then resorted thymocytes
from luciferase-transgenic mice to specifically obtain mental block in RAG1-deficient thymocytes, is also
associated with strong activation of NF-kB in stage IIIstage III E and L cells and found significantly greater
luciferase activity in stage III L cells (Figure 1G, right thymocytes.
To directly determine whether signaling from the pre-panel). These results therefore show that NF-kB is acti-
vated in developing thymocytes that are known to express TCR can lead to NF-kB activation, we stably transfected
a T cell line, 4G4, which expresses CD3 and lck butthe pre-TCR and suggest that the constitutive NF-kB ac-
tivity observed in thymocytes might be due to signaling lacks expression of the TCR chains, with TCR b, either
alone or with one of the pre-Ta isoforms, pre-Taa orfrom the pre-TCR.
pre-Tab (Barber et al., 1998). As shown in Figure 2D,
representative stable clones expressing TCR b togetherNF-kB Activation in Stage III Thymocytes Is
with any of the pre-Ta splice variants, pre-Taa (clone 1)Dependent on Expression of the Pre-TCR
or pre-Tab (clone 2), displayed strongly increased consti-Mice deficient for the TCR b chain or recombination
tutive NF-kB DNA binding activity compared to the pa-activating gene RAG1 cannot form the pre-TCR com-
rental cell line (compare Figure 2D, lanes 2 and 3, toplex, and T lymphocyte development is partially or com-
lane 1). Stimulation with anti-CD3 did not significantlypletely blocked at the DN stage (Mombaerts et al.,
increase NF-kB DNA binding activity in these cells (data1992a, 1992b). In RAG1-deficient mice, T cell develop-
not shown). Transfection of the b chain alone did notment is completely arrested at stage III, whereas, in
induce constitutive activity (Figure 2D, lane 4). As a con-TCR b–deficient mice, low numbers of DP cells can be
trol, the level of the constitutive transcription factordetected and the numbers of TCR gd–positive thymo-
Oct-1 was unaltered in the different clones (Figure 2D).cytes are, in fact, increased. To further investigate the
The specificity of the DNA–protein complexes for kBpotential role of pre-TCR signaling in activation of NF-
sequences was demonstrated by competition with wild-kB in stage III thymocytes, we analyzed the NF-kB DNA
type and mutant oligonucleotide probes, while super-binding activity in nuclear extracts of stage III thymo-
shift analysis indicated that the DNA binding complexescytes from TCR b–deficient and RAG1-deficient mice.
primarily consisted of NF-kB (data not shown). TheseAs shown in Figure 2A, the NF-kB DNA binding activity
data demonstrate that expression of the pre-TCR com-was dramatically decreased in nuclear extracts of stage
plex is capable of inducing constitutive NF-kB nuclearIII cells from both mutant mice compared to wild-type
translocation in T cell lines and that the activation ofmice. As a control, we tested the DNA binding activity
NF-kB appears to occur in the absence of stimulationof Oct-1, which was not similarly affected (Figure 2A).
by an exogenous ligand.To analyze the NF-kB transcriptional activity in DN thy-
mocytes from TCR b–deficient mice, we crossed these
mice with NF-kB-luciferase reporter gene transgenic Inhibition of NF-kB Activation in Transgenic Mice
Expressing a Superinhibitor of NF-kBmice. As shown in Figure 2B, stage III thymocytes from
TCR b–deficient mice display significantly less NF-kB- To determine whether the activation of NF-kB in DN
thymocytes had a functional role, we generated micedependent luciferase activity than those from TCR b
(wt/wt) littermates. The loss of NF-kB activity is even that expressed a mutated IkBa in thymocytes under
control of the proximal lck promoter to inhibit NF-kBmore pronounced in the few stage IV thymocytes, which
are still detectable in TCR b–deficient mice and probably activation (Figure 3A). To prevent signal-induced degra-
dation, serines 32 and 36 of IkBa, which are phosphory-express TCR gd. Therefore, these results suggest that
expression of the TCR b chain, and probably the assem- lated by the IkB kinases IKKa and IKKb, were mutated
into alanines. In addition, the sites of ubiquitination, ly-bly of the pre-TCR, is essential for efficient activation
of NF-kB in the stage III and stage IV subsets. sines 21 and 22, were changed to arginines (Figure 3A).
Since TCR signaling (and most likely pre-TCR signaling)Pre-TCR signaling appears to be critically dependent
on the CD3 complex, in particular, CD3g and CD3e (De- involves the activation of tyrosine kinases, we also mu-
tated tyrosine 42 of IkBa into phenylalanine. TyrosineJarnette et al., 1998; Haks et al., 1998). It has been
demonstrated that anti-CD3e treatment can partly over- phosphorylation at position 42 has been reported to
cause dissociation of NF-kB from IkBa, thereby leadingcome the block in early T cell development in RAG1,
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Figure 2. Absence of NF-kB Activation in
Stage III Thymocytes of TCR b–Deficient and
RAG1-Deficient Mice
(A) Decreased DNA binding activity in nuclear
extracts from TCR b–deficient and RAG1-
deficient mice. Stage III thymocytes from TCR
b–deficient, RAG1-deficient, and wild-type
mice were sorted. In addition, stage III cells
were obtained from wild-type mice. Nuclear
extracts were prepared and analyzed by elec-
tromobility shift assay for NF-kB DNA binding
activity.
(B) Decreased NF-kB transcriptional activity
in stage III and stage IV thymocytes from TCR
b–deficient mice. TCR b–deficient mice were
crossed with NF-kB luciferase reporter mice.
Thymocytes of NF-kB-luc1/TCR bo/o and NF-
kB-luc1/TCR bwt/wt littermates were sorted
into stage III and stage IV subsets, and equal
numbers of sorted cells were used to deter-
mine luciferase activity. Results shown are
means of three independent experiments,
normalized to cell number. Error bars repre-
sent standard deviations.
(C) Activation of NF-kB in stage III cells of
RAG1-deficient mice by anti-CD3 treatment.
RAG1-deficient mice were intraperitoneally
injected with 100 mg of the anti-CD3e anti-
body 145-2C11. After 12 hr, thymocytes were
prepared, and stage III cells were sorted.
Equal amounts of nuclear extracts from the
untreated and treated mice were analyzed by
electromobility shift assay for NF-kB DNA
binding activity.
(D) The T cell line 4G4, which lacks either a
TCR or pre-TCR, was stably transfected with
TCR b, either alone or in combination with
one of the pre-TCR isoforms pre-Taa or pre-
Tab. The stable cell lines have been previously
described (Barber et al., 1998). Nuclear ex-
tracts (5 mg) were prepared from unstimu-
lated cells and were analyzed by electromo-
bility shift assay using labeled kB and Oct-1
probe. Representative results from at least
three independent experiments are shown.
to NF-kB activation without IkB degradation (Imbert et and #28 (data not shown). The constitutive NF-kB nu-
clear DNA binding activity was markedly decreased butal., 1996). Furthermore, serines and threonines within
the C-terminal PEST-region of IkBa were mutated into not abolished in thymocytes of these double-transgenic
mice (Figure 3C). We then analyzed the influence of thealanines to lower the rate of basal protein turnover (Fig-
ure 3A) (Schwarz et al., 1996). Transient transfection expression of the superinhibitor IkBa on T cell develop-
ment. The thymus size was not significantly affected,studies in Jurkat T lymphocytes activated with PMA plus
PHA showed that this superinhibitor of NF-kB was an and the number of total thymocytes was not markedly
decreased in 3- to 5-week-old mice. As reported pre-efficient repressor of NF-kB activity (data not shown).
This superinhibitor of NF-kB was cloned downstream viously by other groups, cytofluorometric analysis re-
vealed a significant decrease of CD8 SP cells in all trans-of the proximal lck promoter to achieve high levels of
thymocyte-specific expression. The expression con- genic lines (Figure 3D) (Boothby et al., 1997; Esslinger
et al., 1997; Hettmann et al., 1999). This decrease instruct contained at its 39 end human growth hormone
genomic sequences including introns to promote effi- CD8 SP cells was even more dramatic in peripheral T
lymphocytes (data not shown). Interestingly, our earliercient expression (Figure 3A). Seven mouse lines trans-
genic for the superinhibitor IkBa were obtained. Four analysis had shown that, among SP cells, the CD8 SP
cells had greater transcriptionally active NF-kB (Figureof these mouse lines showed relatively high levels of
expression of the transgene, as revealed by immunoblot 1G). The reduction of the numbers of CD8 SP thymo-
cytes clearly correlated with the amount of transgeneanalysis of thymocytes (Figure 3B). The amount of the
transgenic superinhibitor IkBa was highest in mouse expression. Further studies are underway to explore the
molecular basis for the reduction in the number of CD8lines #7, #12, and #28. Since the superinhibitor has to
compete with endogenous wild-type IkBs, we further SP thymocytes (E. J., R. E. V., and S. G., unpublished
data).increased the amount of the superinhibitor by crossing
the mouse lines #12 and #28 (Figure 3B, right) and #7 Besides the effect on SP cells, the relative and total
Immunity
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Figure 3. Generation of Transgenic Mice Expressing a Constitutively Inhibiting IkBa in Thymocytes
(A) The IkBa superinhibitor transgene. IkBa was mutated at the positions indicated, and the coding sequence of the hemagglutinin tag was attached
at the 59 end. This superinhibitor of NF-kB was cloned behind the proximal lck promoter, which is active in thymocytes. For increased expression,
a part of the human growth hormone sequence containing introns and a polyadenylation signal was cloned 39 of the mutated IkBa.
(B) Expression levels of the mutated IkBa in transgenic mouse lines. Thymocytes of transgenic mouse lines were tested for expression of the
transgenic IkBa by immunoblot. Staining with anti-IkBa visualizes both the slower migrating transgenic and the endogenous IkBa.
(C) Reduced NF-kB nuclear DNA binding activity in thymocytes of transgenic mice expressing a mutant IkBa. The transgenic lines #12 and
#28 were crossed, and nuclear extracts from thymocytes of 4-week-old male littermates, which were either nontransgenic, single transgenic
(#28), or double transgenic (#12 3 #28), were analyzed by electromobility shift analysis.
(D) Decrease of CD81 thymocytes in transgenic mice expressing a mutated IkBa. CD4 and CD8 expression on thymocytes of nontransgenic
littermates, single-transgenic mice and double-transgenic mice of the lines (#12 3 #28) were analyzed by flow cytometry.
(E) Decreased numbers of stage III and stage IV subsets in mice expresssing a mutated IkBa in thymocytes. Thymocytes were stained with
anti-CD4-Quantumred, anti-CD8-Quantumred, anti-HSA-PE, anti-CD44-biotin/Avidin-Texas red, and anti-CD25-FITC and analyzed by flow
cytometry. In the upper panel, a gate was set on HSA1 cells negative for CD4 and CD8 (DN thymocytes). These DN cells were further analyzed
according to their expression of CD44 and CD25, as shown in the lower panel.
(F) The average number of cells in the indicated fractions from the DN population from transgenic mice (hatched bars) expressing the IkBa
superinhibitor compared to nontransgenic controls (solid bars) is shown. The results from the transgenic mice are the average from 14 mice
(seven were #12 3 #28 crosses, while seven were from #7 3 #28 crosses).
(G) Wild-type or mutated IkBa transgenic mice received 4 i.p. injections of 1 mg BrdU. Thymocytes were stained with anti-CD4-APC, anti-
CD8-Quantumred, anti-CD25-PE, and anti-BrdU. The percentage of BrdU-positive cells was measured in CD251 or CD252 cells by flow
cytometry, after electronically gating on CD42CD82 cells. The results are from four independent experiments.
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Figure 4. Expression of Constitutively Active IkB Kinase Leads to Increase in Numbers of Stage IV Cells
(A) The constitutively active IKKb transgene. FLAG-tagged IKKb was mutated at the positions indicated and cloned behind the thymocyte-
specific proximal lck promoter.
(B) IkB kinase activity (left panel) and NF-kB DNA binding activity (right panel) in thymocytes from transgenic mice expressing the dominant-
active form of IKKb.
(C) Increased numbers of DN stage IV subset in mice expressing the constitutively active form of IKKb in thymocytes. Thymocytes were
stained with anti-CD4-Quantumred, anti-CD8-Quantumred, anti-HSA-PE, anti-CD44-biotin/Avidin-APC, and anti-CD25-FITC and analyzed by
flow cytometry, as described in Figure 3. The cell numbers of stage III E, L, and stage IV cells from 16 different transgenic mice from two
different founders were tabulated, and the results are shown graphically. Solid bars are nontransgenic mice, while hatched bars represent
IKKb transgenic mice.
numbers of DN, HSA-positive thymocytes were de- DN cell numbers from 14 mice that were double trans-
genic for the superinhibitor IkBa (seven #12 3 #28creased on average z50%, depending on the amount
of transgene expressed (Figure 3E, upper panel). More crosses and seven #7 3 #28 crosses) is represented
graphically in Figure 3F. Remarkably, the reduction ofdetailed analysis showed a marked reduction of the
stage IV cells (Figure 3E, lower panel). The reduction in cell numbers in mice expressing the superinhibitor of
Immunity
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Figure 5. Expression of Constitutively Active
IkB Kinase in RAG12/2 Mice Leads to Rescue
of a Fraction of the Cells to the Double-Posi-
tive Stage
(A) Immunoblot analysis of thymocytes from
wild-type, RAG12/2, and RAG12/2 crossed to
dominant-active IKKb trangenic mice. Total
extracts (30 mg) were immunoblotted with an-
tibodies to RAG1 and IKKb.
(B) Rescue of a fraction of DP cells in RAG12/2
mice expresssing a dominant-active IKKb
transgene in thymocytes. Thymocytes were
stained with anti-CD4-FITC and anti-CD8-PE
and analyzed by flow cytometry.
(C) The average cell numbers of total and DP
thymocytes from 24 different transgenic mice
(12 RAG12/2, 12 RAG12/2 3 IKKb) were tabu-
lated, and the results are shown graphically.
NF-kB is observed only in populations with elevated were established, expressing this constitutively active
IKKb in thymocytes under the control of the proximallevels of constitutive NF-kB transcriptional activity (in-
cluding CD8 SP cells, Figure 3D). The loss in stage IV lck promoter. Analysis of such transgenic mice revealed
that the transgenically expressed IKKb was active andcells in mice transgenic for the superinhibitor IkBa is
most likely due to increased apoptosis rather than de- NF-kB DNA binding activity in thymocytes was markedly
increased (Figure 4B). Fractionation of the thymocytescreased proliferation, since in vivo BrdU-labeling experi-
ments did not reveal a significant influence of the IkB indicated a significant increase (to z2-fold) in the cell
numbers of the stage IV population (i.e., the same popu-transgene on proliferation (Figure 3G).
lation that is most decreased when NF-kB is inhibited by
expression of the mutant IkBa) (Figure 4C). Interestingly,
Activation of NF-kB by Expression of Constitutively these transgenic mice also exhibit a significant decrease
Active IkB Kinase b Leads to Increased Numbers in the numbers of CD4 SP cells relative to CD8 SP cells,
of Stage IV Thymocytes which is exactly the opposite to the phenotype of the
If activation of NF-kB by the pre-TCR helps in survival mutant IkBa transgenic mice (data not shown).
of b-selected thymocytes, then induced activation of
NF-kB in cells that fail to assemble the pre-TCR should
lead to their survival, at least transiently. To test this Expression of Active IkB Kinase b Prevents Death
of Pro-T Cells that Fail to Express TCR Chainshypothesis, we generated a constitutively active mutant
of IKKb, in which serines 177 and 181 in the activation The failure to rearrange the TCR b chain and, conse-
quently, the failure to assemble the pre-TCR in miceloop were replaced by glutamic acid residues (Mercurio
et al., 1997) (Figure 4A). Several transgenic mouse lines lacking the RAG1 gene leads to a complete block at
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stage III of thymocyte differentiation. As discussed
above, it has been observed that injection of RAG12/2
mice with a-CD3e forces the progression of thymocytes
to the DP stage, most likely by mimicking the signaling
from the pre-TCR. Since we have found that treatment
with a-CD3e also leads to the activation of NF-kB in DN
cells (Figure 2C), we wanted to see if expression of the
dominant-active IKKb transgene in RAG12/2 mice would
lead to the rescue of at least a fraction of the developing
thymocytes to the DP stage. We therefore crossed
RAG12/2 mice with transgenic mice expressing the ac-
tive IKKb (Figure 5A). Analysis of progeny with the appro-
priate genetic background (i.e., RAG12/2 3 IKKb [active])
revealed a significant number of cells were now in the
CD41CD81 DP stage (Figure 5B). The absolute number
of DP cells varied among individual RAG12/2 3 IKKb
mice, ranging from 5 3 105 to 9 3 105 (Figure 5C). This
result therefore suggests that forced activation of NF-kB
in thymocytes that lack the pre-TCR provides a survival
signal that allows a portion of the cells to mature into
the DP stage. Our earlier results had indicated that NF-
kB does not significantly affect the proliferative capacity
of developing thymocytes (Figure 3G). Therefore, the
cells that survive and develop into DP cells in the
RAG12/2 3 IKKb (active) mice probably do not receive
the growth stimulatory signals that likely emanate from
the pre-TCR and thus do not undergo the tremendous
proliferative burst that is seen during normal devel-
opment.
Loss of Bcl-2 Expression in Stage III L
and Stage IV Cells
If NF-kB was functioning to prevent apoptotic cell death
Figure 6. Antiapoptotic Function of Bcl-2 Is Selectively Replacedin DN stage IV thymocytes, then its inhibition might ren-
by Activation of NF-kB during b Selection
der NF-kB-dependent cells sensitive to apoptosis. We
(A) Selective hypersensitivity to pharmacological inhibition of NF-therefore incubated DN CD441, stage III E and L, stage
kB in L cells compared to E cells. Stage III E and L cells, stage IV,
IV, DP, and CD4 SP thymocytes with pyrrolidone dithio- DP, and CD4 SP cells were sorted and cultured in the presence of
carbamate (PDTC), a highly effective pharmacological the NF-kB-inhibitor PDTC (pyrrolidine dithiocarbamate) (100 mM) for
12 hr.inhibitor of NF-kB. As shown in Figure 6A, stage III L
(B) Loss of Bcl-2 expression in stage III L cells and in the stage IVand stage IV thymocytes were markedly more sensitive
subset. Stage III E and L cells, stage IV, and DP thymocytes wereto apoptosis induced by PDTC, as compared to CD441,
sorted. Total cell extracts (25 mg/lane) were analyzed by immunoblotE, DP, and CD4 SP cells, which display relatively low
for expression of Bcl-2. Representative results of one of three inde-
levels of endogenous NF-kB activity. pendent experiments are shown.
In early pro-T cells, survival appears to be crucially
dependent on Bcl-2 expression driven by signaling from
the IL-7 receptor and c-kit (Akashi et al., 1998). However, expressing cells. Interestingly, the level of Bcl-2 is also
significantly less in CD8 SP cells versus CD4 SP cellsvery little Bcl-2 is detectable in stage IV and DP thymo-
cytes (Sentman et al., 1991; Strasser et al., 1991). In (Figure 6B), which is consistent with the finding that
inhibition of NF-kB by expressing the superrepressorDP thymocytes, antiapoptotic function appears to be
mostly dependent on Bcl-xL expression, which is absent IkBa leads to a preferential loss of CD8 SP cells. There-
fore, based on these results, we propose that the pre-in DN cells (Hettmann et al., 1999) (data not shown).
Therefore, it is unclear which factors protect stage III L TCR activates NF-kB, whose antiapoptotic function may
substitute for Bcl-2 and selectively rescue cells express-and stage IV cells from apoptotic cell death. To investi-
gate the involvement of antiapoptotic factors in greater ing the pre-TCR from apoptotic cell death.
detail, we examined the level of Bcl-2 protein in devel-
oping thymocytes. Immunoblot analysis showed mark- Discussion
edly decreased Bcl-2 protein levels in stage III L cells
compared to E cells, and a further decrease was found In this study, we have identified a previously unappreci-
ated role for NF-kB in T lymphocyte development. Ourin stage IV thymocytes (Figure 6B). Therefore, loss of
Bcl-2 protein coincides with NF-kB activation in stage studies have revealed that NF-kB is most active in stage
III L and stage IV thymocytes. These stages representIII L cells. These findings raise the possibility that NF-
kB-induced antiapoptotic factors substitute for Bcl-2 populations of developing T lymphocytes that express
the pre-TCR and have undergone selection for produc-and provide a selective survival advantage to pre-TCR-
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Figure 7. Model of the Role of NF-kB during
b Selection: Selective Rescue from Apoptotic
Cell Death
(A) Schematic depiction of the expression of
Bcl-2 (immunoblot) and NF-kB (luciferase and
EMSA) during T lymphocyte development.
The expression of Bcl-2 is constitutive in early
DN cells, whereas activation of NF-kB occurs
only in the subset of cells expressing the
pre-TCR.
(B) A model showing the proposed role of pre-
TCR-induced NF-kB as a selective survival
signal in the development of a/b lineage T
lymphocytes.
tive b chain rearrangements. Data presented here pro- of the pre-TCR is soon followed by a dramatic decrease
in levels of Bcl-2 and an increase in NF-kB activity ac-vide strong evidence that the activation of NF-kB in
these thymocyte subsets is most likely due to signaling commodates both of these outcomes (Figure 7A). Bcl-2,
which plays an important antiapoptotic role in earlierfrom the pre-TCR. Activation of NF-kB in the b-selected
cells appears to provide an antiapoptotic survival signal, develomental stages, is also antiproliferative, as sug-
gested by studies on the stage IV subset of thymocyteswhich may be particularly important, since these cells
soon dramatically downregulate the expression of Bcl-2, of Bcl-2 transgenic mice (O’Reilly et al., 1996, 1997).
Therefore, the pre-TCR-induced substitution of the anti-the major antiapoptotic factor in the preceding develop-
mental stages (Figure 7A). Pre-TCR-activated NF-kB, apoptotic function of Bcl-2 by the antiapoptotic activity
of NF-kB, relieves the block in proliferation and allowstherefore, functions as an inducible antiapoptotic signal
and represents a novel utilization of an inducible tran- cells with productive TCR b chain rearrangements to
multiply rapidly.scription factor to allow selective survival of a fraction
of cells in a developmental pathway. Therefore, these Signaling from the pre-TCR is required for progression
to stage IV cells and subsequent maturation to DP thy-findings establish a novel conceptual framework within
which to consider not only lymphocyte development mocytes of the a/b T cell lineage. In contrast, the pre-
TCR is not required and may even inhibit the develop-but also selection events in developmental biology in
general. ment of g/d T cells and thereby appears to be involved
in cell fate decisions (Figure 7B) (Aifantis et al., 1998).The pre-TCR plays a crucial role in T cell development
by allowing maturing thymocytes to “sense” the genera- In addition, the pre-TCR has been implicated in allelic
exclusion at the TCR b locus (Aifantis et al., 1997) and intion of a functional b chain. It has been assumed that
signaling from the pre-TCR would have two major con- the release of a proliferative block in stage III thymocytes
(Hoffman et al., 1996). However, besides stimulating pro-sequences: first, it would provide some kind of survival
advantage, and, second, it would give a growth or prolif- liferation, another important role for the pre-TCR might
be to selectively rescue pre-T cells with a functionaleration advantage (von Boehmer and Fehling, 1997; von
Boehmer et al., 1998). Our finding that the expression TCR b chain rearrangement from apoptotic cell death
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(von Boehmer and Fehling, 1997). Here, we show that Golgi (O’Shea et al., 1997). In addition, pre-TCR signaling
the pre-TCR most likely activates the transcription factor requires the CD3 complex, which further supports the
NF-kB, which has been shown to act as a potent anti- notion that pre-TCR functions at the cell membrane (Ber-
apototic factor in various situations (reviewed in Barkett ger et al., 1997; Cheng et al., 1997). Proximal signaling
and Gilmore, 1999). It has been suggested that NF-kB events depend on the presence of either lck or fyn, which
protects cells from death by inducing the expression can partially replace each other in genetically modified
of genes such as the caspase-8 inhibitors c-IAP1 and mice (Groves et al., 1996). In RAG1-deficient mice, the
c-IAP2 as well as other antiapoptotic factors, including pre-TCR signal can be replaced by anti-CD3 treatment,
Bfl/A1 (Barkett and Gilmore, 1999). NF-kB activation has transgenic expression of activated lck, or g-irradiation
been shown to counteract apoptosis induced by TNF, (reviewed in von Boehmer et al., 1998). Noticeably, all
Fas ligation, cytotoxic drugs, and other stimuli (reviewed these stimuli are also known to activate NF-kB. More-
in Barkett and Gilmore, 1999). In fact, our data show over, we have observed that anti-CD3 treatment strongly
that L cells rapidly undergo apoptotic cell death when induces NF-kB activity in RAG1-deficient stage III thy-
treated with pharmacological inhibitors of NF-kB (Figure mocytes, preceding their progression to stage IV (Figure
6A). Therefore, the reduction of cell numbers in the stage 2C). Therefore, various treatments that induce NF-kB
IV fraction in mice expressing a mutant IkBa in thymo- activation can release the developmental block at stage
cytes is consistent with an antiapoptotic role for NF-kB. III cells in genetically modified mice, which cannot form
Our data from Ika transgenic mice are also consistent a functional pre-TCR.
with a recent study of inhibition of NF-kB in fetal thymus In summary, our results suggest that pre-TCR signal-
organ culture by infection with a recombinant adenovi- ing causes activation of the transcription factor NF-kB,
rus expressing Ika (Bakker et al., 1999). In that study, which selectively rescues pre-TCR-positive cells from
development until the stage III stage was normal, but apoptotic cell death by replacing the antiapoptotic func-
cell numbers of consecutive developmental stages were tion of Bcl-2, the dominant antiapoptotic mechanism
strongly decreased due to increased apoptosis. Also, during earlier stages of T cell development. Therefore,
in that in vitro system, proliferation was not markedly along with induction of proliferative pathways, pre-TCR
affected, similar to the results of our in vivo BrdU-label- signaling also makes b-selected cells more resistant to
ing experiments in mutant IkBa transgenic mice (Figure cell death by activating NF-kB. These findings shed new
3G). Therefore, inhibition of NF-kB predominantly af- light on an important developmental checkpoint in lym-
fects the survival of b-selected thymocytes rather than phocyte development, and it is likely that NF-kB serves
their proliferation. a similar role in other developmental systems.
The less than complete reduction in cell numbers of
stage IV cells is most likely due to incomplete inhibition Experimental Procedures
of NF-kB by the transgenic IkB. In addition, other signal-
Miceing pathways emanating from the pre-TCR may still be
B10.A mice were obtained from NIH. TCR bo/o (Mombaerts et al.,sufficient to confer some survival advantage to the pre-
1992a) and RAG12/2 (Spanopoulou et al., 1994) were originally ob-TCR-expressing thymocytes. In addition, the prolifera-
tained from Jackson Laboratories (Bar Harbor, ME). All mice weretive capacity of DN thymocytes in IkBa transgenic mice maintained under specific pathogen free conditions in a climate-
is mostly unaffected (Figure 3G), thus further explaining controlled environment with 12 hr light/dark cycles.
why the marked alteration of stage IV cell numbers in
mutant IkBa transgenic mice does not lead to significant Generation of NF-kB-Luciferase Transgenic Mice
changes in the overall number of T cells. Hence, the A 2.0 kb HindIII–XhoI fragment from the NF-kB reporter gene pBIIx-
luc was microinjected into fertilized (C57/BL6xSJL)F2 eggs, as pre-stage IV thymocytes from the mutant IkBa transgenic
viously described. The NF-kB-luc transgene contained the fireflymice that survive may continue to proliferate rapidly and
luciferase gene, driven by two NF-kB sites from the k light chainultimately fill up the DP cell compartment. Similarly, the
enhancer in front of a minimal fos promoter. Two expression-positiveactivation of NF-kB in the IKKb transgenic mice en-
founder lines were identified by slot blot hybridization (R. J. P. et al.,
hances the survival capacity of cells in the stage IV unpublished data). Several founder lines showed the same tissue-
compartment. However, these cells lack the proliferative specific expression pattern, which was correlated with NF-kB DNA
signals that would come from the pre-TCR, and hence binding activity, as detected by EMSA. Routine testing was per-
formed by PCR from tail DNA, using the primers 5LUC (CGCGGAAmost likely do not expand and are lost from the DP
TACTTCGAAATGTC) and 3LUC (CTTAGGTAACCCAGTAGATCC),population. An additional explanation for the mainte-
resulting in a 500 bp fragment. The lines were backcrossed severalnance of DP cell numbers in the mutant IkBa transgenic
times onto B10.A background (NIH). NF-kB-luc transgenic micemice may result from the inhibition of NF-kB-dependent
were crossed and backcrossed with TCR b–deficient mice.
apoptosis that is observed in the DP thymocytes, at
least after anti-CD3 treatment (Hettmann et al., 1999). Generation of Superinhibitor IkBa Transgenic Mice
The mechanism underlying this observation has not Several point mutations were introduced into the human IkBa cDNA
been clarified but may be due to NF-kB-dependent clone MAD3 by PCR-aided mutagenesis. This NF-kB superinhibitor
upregulation of Fas ligand expression (Kasibhatla et al., was then cloned into the plasmid p1017 (gift from R. Perlmutter)
behind the proximal lck promoter, which confers thymocyte-specific1999). Therefore, the reduction of stage IV cells may be
expression. A 4.8 kb NotI fragment containing the proximal lck pro-compensated for by decreased apoptosis in DP thymo-
moter, the superinhibitor, and a part of the human growth hormonecytes. Further work will be necessary to clarify these
genomic sequence including the poly A tail was microinjected into
issues. fertilized (C57/BL6xSJL)F2 eggs, as previously described. Founders
Thus far, little is known about signaling events from were screened by slot blot analysis of tail DNA using a 32P-labeled
the pre-TCR complex. The pre-TCR signal appears to BamH1–XhoI fragment of the transgene. For routine testing, tail DNA
was analyzed by PCR, using a forward primer (GAAGGAGACTGTGdepend on the release of the pre-TCR from the ER/cis-
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GTTGAGTGG) binding within the proximal lck promoter and a re- ml of DNase I for 15 min at 378C. Fixed cells were washed and
stained with anti-BrdU-FITC (Becton Dickinson) and analyzed byverse primer binding to the HA sequence of the transgene (TAGTCG
GGGACGTCGTAGG), thereby resulting in a 500 bp PCR fragment. flow cytometry.
In Vitro IkBa Kinase AssayGeneration of Mice Transgenic for a Constitutive Active IKKb
Total thymocyte extracts were prepared by TNT buffer containingThe IKKb cDNA was kindly provided by Dr. M. Karin. Using PCR-
protease inhibitors and incubated with anti-FLAG M2 beads at 48Caided mutagenesis, point mutations were introduced into the IKKb
overnight. Immunoprecipitates were washed, and their kinase activ-gene, which resulted in a substitution of serines 177 and 181 by
ity was measured by using 2 mg of GST-IkBa as substrate in theglutamic acid. This constitutively active form of IKKb containing a
presence of ATP.sequence coding for a FLAG tag was cloned into the plasmid p1017,
and a NotI fragment was microinjected into fertilized (C57/
BL6xSJL)F2 eggs, as described for the mutant IkBa. In Vitro Apoptosis Assay
Thymocyte subsets were sorted as described. Cells were centri-
fuged and resuspended at a concentration of 0.5 3 106 /ml in Bruff’sFluorescence-Activated Cell Sorting/Analysis
medium supplemented with L-glutamine and 10% fetal calf serum.Thymus lobes were harvested at z8 a.m. and ground into single-
Cells were cultured in the presence of dexamethasone (10 mg/ml),cell suspensions between two pieces of nylon mesh. Thymocytes
pyrrolidine dithiocarbamate (100 mM), or vehicle only. After 12 hr,were centrifuged and resuspended in phosphate-buffered saline
cells were stained with Annexin V-FITC and propidium iodide (R&D(PBS) containing 2% fetal calf serum. Cells were kept on ice through-
Systems) and analyzed by flow cytometry.out staining and sorting. For sorting of CD41/81, CD41, and CD81
thymocytes, cells were preincubated with Fc-Block (PharMingen)
for 10 min and subsequently stained with anti-CD4-Quantumred Acknowledgments
(Sigma) and anti-CD8a-PE (PharMingen). For sorting of double-neg-
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